Abstract. The reversibility of adenylylation of glutamine synthetase from E. coli by adenylyltransferase was demonstrated. Several positive effectors (Gin, 2-hydroxyethyl-S-cysteine, Trp and Met) stimulate the back reaction in the same manner as the forward reaction. The apparent Michaelis constant for PPi is 2.2 mM at pH 7.35. The pH optimum of the back reaction is 6.5-7 while the pH optimum of the forward reaction is 7.6. The apparent equilibrium constant in the presence of 10 mM Mgg2+ at pH 7.36 is 8.5 in favor of adenylylated glutamine synthetase and PP1. The equilibrium constant is strongly dependent from pH and from Mg2+ concentration. There is a difference of about 0.5 to 1 kcal/mole free energy between the adenylyl-O-tyrosine bond and the pyrophosphate bond of adenosine triphosphate (ATP). It follows from these considerations that the adenylyl-O-tyrosine bond is an "energy-rich phosphate bond."
equivalent to 0.08 mg enzyme. One unit of glutamine synthetase forms 1 smole of -y-glutamylhydroxamic acid per min under the conditions described by Ebner et al. '0 Results. The rapid inactivation of glutamine synthetase is shown in the left part of Figure 1 . After addition of 1 mM PP,, a rapid reactivation of enzymatic activity is observed, leading to a steady state where about 25 per cent active glutamine synthetase is present. The existence of a true equilibrium is demonstrated by the effect of the addition of hexokinase plus Glc (see right part of Fig. 1 ). The ATP-dependent phosphorylation of Glc removes ATP from the equilibrium mixture. Removal of ATP shifts the equilibrium further in the direction of active glutamine synthetase. Table 1 contains additional data which further support the reversibility of the reaction catalyzed by adenylyltransferase. 14C-labeled inactive glutamine synthetase was incubated with adenylyltransferase, glutamine, and Mg2+. The effect of the addition of increasing amounts of PPi was registered by a parallel increase in the amount of reactivated glutamine synthetase, release of protein bound radioactivity into the trichloroacetic acid supernatant, and decrease of protein-bound radioactivity. The "4C-labeled material released from the protein was identified as ATP, by comparison with authentic ATP with aid of paper electrophoresis (see Fig. 2 ). In a control experiment, where adenylyltransferase was omitted, no '4C-labeled ATP appeared in the trichloroacetic acid supernatant. These results demonstrate that both products of the back reaction, namely ATP and active glutamine synthetase, are formed after the addition of PPi. The formation of ATP strikingly differentiates the PPi-dependent reactivation of adenylylated glutamine synthetase, catalyzed by adenylyltransferase, from the earlier described", 13 hydrolytic reactivation, catalyzed by the glutamine synthetase deadenylylating enzyme. In the latter reaction adenosine monophosphate (AMP), and not ATP, is formed during reactivation. Table 2 contains further data on the adenylyltransferase-catalyzed reactivation of adenylylated glutamine synthetase. The initial synthetic activity of the inactivated glutamine synthetase was about 0.5 units per milliliter. In the complete system containing adenylyltransferase, Gln, PP1, Mg2+, and F-(F-prevents hydrolysis of PPi by pyrophosphatase5) a reactivation up to 6.7 units per milliliter was observed (see Table 2 ). Omission of Gln, which is a potent positive effector of adenylyltransferase,14' 15 almost completely prevents reactivation. Gln could be replaced by 2-hydroxyethyl-S-cysteine which is also a positive effector in the forward reaction of adenylyltransferase.i4 The dependence of reactivation of glutamine synthetase on PPi, Mg2 +, and adenylyltransferase is in accordance with the reverse reaction catalyzed by adenylyltransferase. Pi does not reactivate. added. High-voltage electrophoresis for 2.5 hr, measurement of radioactivity by liquid scintillation counting were carried out as described elsewhere.5 x = complete system, 0 = control without adenylyltransferase. In the control incubation glutamine synthetase activity increased from 1.2 to 1.4 units ml. Incubation and treatment as described in Table 1 , except no measurements for radioactivity were made. In one parallel experiment, Gln was replaced by 20 mM (final concentration) 2-hydroxyethyl-S-cysteine.
The dependence of the initial rate of the back reaction at 3 mM Mg2+ from the concentration of PPi is illustrated in Figure 3 . An apparent Km value of 2.2 mM PPi was calculated. Kinetic measurements at 10 mM Mg2+ lead to the same Km value for PP,. The initial rate of the back reaction shows a maximum at pH 6.5 to 7 (see Fig. 4 ), whereas the forward reaction exhibits a maximum at pH 7.6.9 The faster rate of the back reaction as compared to the forward reaction at low pH values is in agreement with the lower equilibrium constant observed at low pH values. A comparison of different effectors of adenylyltransferase in the forward reaction and in the back reaction is given in Table 3 . In both reactions the effectors show similar activity. This is a further argument which indicates that ATP-dependent inactivation of glutamine synthetase and pyrophosphate-dependent reactivation are catalyzed by the same enzyme.
The apparent equilibrium constant of the adenylyltransferase-catalyzed reaction was calculated from the equation In all experiments the reaction was run until a constant ratio between active and inactive glutamine synthetase was maintained for more than five minutes. The first part of Table 4 shows that at pH 7.36 with different concentration of ATP, the same apparent equilibrium constant of 8.5 is obtained. The data in the second part of Table 4 show that the constant is strongly dependent upon the concentration of Mg2+. Lowering of the Mg2+ concentrations results in a decrease of the value of the equilibrium constant. The third part of Table 4 demonstrates the striking dependence of the equilibrium constant on pH. Low pH values favor the active form of glutamine synthetase. The fourth part of (glutamine synthetase) (ATP) 12 When the evaluation of experimental data of (5) describes the equilibrium correctly. This implies that in the equilibrium state each subunit of glutamine synthetase reacts independently with ATP and PPi.
The strong effect of the Mg2+ concentration on the equilibrium constant may be due to the formation of Mg2+ complexes with components of the reaction.
Since ATP and PP1 are predominantly present as Mg2+-complexes at all Mg2+ levels used, 17, 18 it is reasonable to assume that the dependence of Kapp from the Mg2+ concentration is not caused by complexation with ATP and PPi but is caused by complex formation with the adenylyl-O-tyrosine group of the inactivated glutamine synthetase. It follows that an increase in Mg2+ concentra- 50 Ad. 10-Ad samples were taken and analyzed for activity of glutamine synthetase (see Ma-erials and Methods). The reaction was assumed to be at equilibrium when in 5-min intervals no further changes of activity were registered. In instances where an exact pH value is given, a total volume of 200 Ad was used and pH was measured after establishment of equilibrium. The initial concentrations of ATP and PPi were taken as final values, because the molar concentration of glutamine synthetase was only about 0.0015 mM. Therefore the decrease of ATP, and the increase of P1'i concentrations during the reaction were less then 1.8% of the initial concentrations of these substances.
* pH values which have not been measured in the equilibrium mixture, but in control incubations with the same reagents are marked with ;. tion which increases the formation of a Mg2 + complex with the adenylyl-Otyrosine group results in a removal of adenylylated glutamine synthetase from the equilibrium mixture. This leads to an increase of Kap.
The increase of Kap, with decreasing H + concentrations indicates the liberation of a proton in the course of adenylylation. The pK values in the experimentally relevant range of pH values are 6.95 for HATP3-= H+ + ATP4-and 6.12 for H2P2072-= H+ + HP2073-' 18 If a full H+ dissociation of the newly-formed adenylyl-O-tyrosine ester is assumed, a distribution of negative charge will take place at pH 7.35 according to equation (6): glutamine synthetase + ATP3.7--glutamine synthetase-AMP'-+ pp2-95-+ 0.25 H+. (6) The excess of 0.25 H+ yields an about twofold increase of Kapp for the transition from pH 6.6 to 7.7. However, a tenfold increase of Kapp was calculated from the experimental values shown in Table 4 . This discrepancy may be explained by assuming that an increase in acidic dissociation of the protein takes place during the adenylylation of glutamine synthetase.
At pH 6.6 the equilibrium constant is almost 2. This indicates that the free energy of hydrolysis of the adenylyl-O-tyrosine-phosphodiester bond is not significantly different from the free energy of hydrolysis of the pyrophosphate bond of ATP. Assuming a free energy of -AGo' = 10 kcal/mole for the hydrolysis of the pyrophosphate bond of ATP, 17, 18 the free energy of the hydrolysis of the adenylyl-O-tyrosine bond approximates -AGo' = 9.5 kcal/mole at pH 6.6 and -AGo' = 9 kcal/mole at pH 7.35. It is apparent that this bond belongs to the group of "energy-rich phosphate bonds"'9 because it easily equilibrates with the "classical" energy-rich pyrophosphate bond of ATP. The large freeenergy content of this bond may suggest that this type of bond could be involved in the binding of AMP to DNA-ligase isolated from E. coli.2 22 It was shown that tyrosine-O-phosphate esters occur in Drosophila larvae. 23 In the latter case this compound may be of importance as an energy reserve, similar to creatine phosphate or arginine phosphate in other organisms. The energy may become available for general metabolic purposes by a transfer of phosphate from tyrosine-O-phosphate to adenosine diphosphate (ADP) to yield ATP.
The possible biological function of the PPi-dependent back reaction of adenylyltransferase, besides the earlier described hydrolytic deadenylylation of adenylylated glutamine synthetase, needs further investigation. The main problem to be studied in this context is an analysis of PPi under different metabolic conditions. We wish to thank Dr. August Holldorf for help with the preparation of the manuscript. We are grateful to Eberhard Ebner, Dieter Wolf, and Sigrid Elsiisser for a gift of purified glutamine synthetase and adenylylating enzyme. Dr 
